ABSTRACT: Using a visible beam to probe the thermal effect induced by infrared absorption, mid-infrared photothermal (MIP) microscopy allows bond-selective chemical imaging at submicron spatial resolution. Current MIP microscopes cannot reach the high wavenumber region due to the limited tunability of the existing quantum cascade laser source. We extend the spectral range of MIP microscopy by difference frequency generation (DFG) from two chirped femtosecond pulses. .
■ INTRODUCTION
Chemical imaging with high spatial resolution and spectroscopic information opens a new window in understanding molecular behavior in a complex system, such as a live cell. Among the various modalities, vibrational spectroscopic imaging based on infrared (IR) absorption offers a way for mapping specific chemical bonds. Different molecular environments differ in spectral peaks and intensities, and through analyzing the IR spectra, these changes can be extracted to provide chemical and structural information. Combined with wide-field illumination and focal plane array, IR spectrometers can provide spatially resolved images where each pixel in the image presents an IR spectrum. 1−3 Using quantum cascade lasers (QCL), 4−6 wavelengths can be selected to perform noninterferometry discrete IR imaging. However, the direct IR imaging techniques suffer from poor spatial resolution due to long excitation wavelength, preventing them from resolving subcellular structures. To overcome the barrier, indirect measurements were developed, such as atomic force microscopy infrared spectroscopy (AFM-IR) that combines the chemical selectivity offered by IR absorption and high resolution of AFM. 7, 8 Photothermal spectroscopic imaging is another way to improve spatial resolution and has shown notable sensitivity in characterizing down to single molecules based on electronic absorption in the visible region. 9, 10 For vibrational absorption in the mid-IR region, the implementation involves a modulated/pulsed mid-IR laser as the pump with a continuous visible or near-IR laser as the probe. When the mid-IR beam is absorbed in certain vibrational frequency, thermal effect leads to a local temperature change and then a change of refractive index. By measuring the corresponding change in probe beam intensity, a photothermal imaging contrast is created. Furstenberg and colleagues demonstrated IR pump and visible probe photothermal imaging by scanning the edge of a calibration slide and estimated the spatial resolution to be ∼2 μm.
11 Erramilli and colleagues demonstrated photothermal spectroscopy between 1860 and 1980 cm −1 of a liquid crystal in different phases. 12 Sander and co-workers imaged bird brain tissue slices and characterized cancerous and healthy mouse brain tissue using the photothermal contrast for amide I band. 13, 14 Zhang et al. improved the spatial resolution to 0.61 μm and demonstrated imaging of live cells and Caenorhabditis elegans in transmission mode. 15 Li et al. illustrated the mapping of pharmaceutical ingredients in the fingerprint region with an epi-detected configuration. 16 Using mid-IR optical parametric oscillator (OPO) output as the pump source, Hartland and colleagues demonstrated photothermal imaging of single E. coli by combining a reflective objective focusing the IR beam and a regular high numerical aperture (NA) objective focusing the visible probe beam in a counter-propagation scheme.
Thus, far, no literature has illustrated mid-infrared photothermal (MIP) imaging of live cells at the high wavenumber region. One technical barrier is the limited spectral coverage of mid-IR laser sources. Though customized QCLs can cover the C−D region around 2100 cm −1 , 18−20 the C−H region have mainly been achieved in laboratories for requirements on special design of materials. 21−23 In addition, the limited tunability of individual QCL chip requires multiple units to cover the meaningful high wavenumber region, which increases the complexity of the product. Another way to generate mid-IR radiation is through frequency down-conversion from near-IR beams, among which the OPO and difference frequency generation (DFG) are most widely applied. Tunable mid-IR frequency combs based on OPO have been utilized in the spectroscopy applications, 24 ,25 yet it requires resonant cavity design to lock the synchronous pump laser, drastically decreasing the stability and performance of such lasers. On the other hand, DFG utilizes single-path scheme and the output idler wavelength is determined by the input wavelengths, which simplifies the setup design and improves the wavelength stability. DFG from well-developed mode-locked Ti:sapphire lasers has been typically used to achieve stable wavelength tuning in terms of IR generation. 26, 27 In this work, we reported a DFG based mid-IR source and its use for photothermal imaging with submicron spatial resolution at high wavenumber region. To maximum the DFG output, we conducted theoretical calculations with different focusing parameters. Our experimental results showed a linear relationship between DFG idler powers with the input pump powers. We took the advantage of the spectral focusing scheme and decreased the spectral width by 5.5 times to 29.3 cm −1 . The calibration of motorized stage positions with corresponding central wavenumbers was performed. In addition, the spectrum of deuterated glycerol acquired from Fourier-transform infrared (FTIR) and DFG-pumped MIP were compared in order to demonstrate the spectral fidelity. Furthermore, we employed deuterated fatty acid to confirm the correlation of our cell imaging results with the established metabolic pathways.
■ THEORETICAL CALCULATION
The DFG process involves three interactive waves: two fundamental laser beams are focused into a nonlinear frequency conversion crystal to generate a third radiation with the frequency equal to the energy difference of fundamental beams. The efficiency of this process depends on the nonlinear frequency conversion crystal and can be optimized by carefully designing the beam coupling and focusing conditions. We used magnesium oxide doped periodically poled lithium niobate (MgO:PPLN) as the frequency conversion crystal based on the following considerations. (1) The quasi-phase matching (QPM) merit of the crystal requires the sign of nonlinear coefficient χ 2 periodically changed. As a result, constructively interference enables continuously buildup of the generated light.
28 ( 2) The effective nonlinear coefficient is large with typically value of 14.9 pm/V. 29 Since the phase-matching condition is satisfied by QPM, the largest component (d 33 31 (4) Doping MgO could improve the photorefractive damage threshold. 30 In addition, crystal length is selected to be 5 mm in order to minimize group velocity mismatch for femtosecond laser pulses. 32 We then performed a theoretical calculation of DFG output power as a function of input powers, crystal-related parameters, and focusing conditions. For Gaussian beams, under no absorption and phase-matching condition, the power of generated DFG is given by 
where P i represents the generated mid-IR "idler" beam, and P p and P s are the powers of pump (higher frequency) and signal (lower frequency) of fundamental wave. d eff and L represent the effective nonlinear coefficient and crystal length. λ is the wavelength and n is the refractive index of crystal calculated by the Sellmeier equation with the parameters given by the manufacturer. h(ξ,L) is the focusing function
where
, and b is the confocal parameter defined by beam waist ω:
nm, λ s = 1080 nm, L = 5 mm and phase-matching temperature 185°C, a numerical calculation results of h(ξ) is shown in Figure 1 . The maximum value of h max = 0.282 is achieved at ξ = 1.3 which corresponds to optimal focusing condition with a focal length of 133 mm. We have calculated the h(ξ) for 4 frequently used achromatic lenses, and the results were: h(f150 mm) = 0.279, h(f100 mm) = 0.269, h( f 75 mm) = 0.234, h(f60 mm) = 0.197. With a negligible difference between h(f150 mm) and h(f133 mm), we utilized an achromatic lens with the focal length of 150 mm to focus two beams.
To gain the spectral resolution of the generated mid-IR beam, we used spectral focusing in which high refractive index glass rods are used to chirp the femtosecond pulses. Although the achievements of narrowband DFG pulses were demonstrated by grating or prism pairs, 34, 35 the implementation of pulse chirping by inserting highly dispersive materials in the beam path reduces the requirements on adjusting the delicate dispersion optics. 36 Spectral focusing schemes have been extensively utilized for hyperspectral coherent anti-Stokes Raman scattering and SRS imaging.
37−39 Here, we show the The Journal of Physical Chemistry B Article first demonstration of spectral focusing DFG for mid-infrared photothermal imaging purposes. Traditionally, DFG with narrow line width fundamental pulses achieves tunability by tuning one laser while the other remains fixed. 40 After pulses are chirped, the overlapping of two pulses leads to reduced frequency bandwidth, and hence the spectral resolution of the generated mid-IR beam is improved. In the spectral focused DFG setup, varying the time delay will change the frequency overlapping of two fundamental pulses, thus the central wavelength of the generated beam will also be changed.
■ EXPERIMENTAL SECTION DFG Implementation. To generate the high wavenumber radiation for the MIP pump source, we utilized the DFG process by coupling a DFG crystal (MDFG2−5, Coversion) to a femtosecond laser system (Chameleon Vision, Coherent) and achieved flexible spectral tunability (Figure 2 ). The crystal is 5 mm long and has 9 adjacent poling periods in the range of 20.9 to 23.3 μm. We used two spatially and spectrally overlapped femtosecond near-IR beams, with one beam modulated by an acousto-optic modulator (AOM, 15180−1.06-LTD-GAP, Gooch & Housego) at the frequency around 100 kHz. 15 A motorized stage was used as a delay line to adjust the temporal overlap of the two pulses. The oven holding the nonlinear crystal was mounted on a 2D translation stage enabling both the precise adjustment of focusing position and the switching between poling channels. A germanium window (WG91050-C9, Thorlabs) was used to remove beams with wavelength below 2 μm.
MIP Microscope. The generated mid-IR beam was collimated using a gold-coated off-axis parabolic mirror to avoid aberration and then coupled into the existing MIP microscope, serving as the pump beam for vibrational excitation of the sample (Figure 2) . A flip mirror was inserted after beam collimation, guiding the mid-IR beam into a spectrometer (FT-IR Rocket, Arcoptix) and central wavelengths as well as spectral widths can be measured. A laser diode with central wavelength at 785 nm served as probe laser (LD-785-SE-400, Thorlabs). The pump and probe beams were collinearly combined with a platinum coated dichroic mirror (BSP-PD-25−2, ISP Optics) and then focused by a gold coated reflective objective with NA of 0.65 (#66589, Edmund Optics). The back-reflected mid-IR beam was recorded by a mercury cadmium telluride detector (PVM-10.6, Vigo System) for the purpose of spectrum normalization. The MIP signal was collected by a microscope condenser with a variable iris (NA = 0.55), and then detected by a photodiode (S3994−1, Hamamatsu). The modulation frequency of the pump beam in DFG processes was controlled by the lock-in amplifier (HF2LI, Zurich Instruments) by sending out triggers to the AOM, thus the generated mid-IR beam shared the same modulation frequency and the MIP signal was synchronously detected.
Spectral Focusing. We used one SF57 glass rod with a length of 15 cm in the signal (ω s ) beam and two SF57 glass rods after the dichroic mirror that combined the pump (ω p ) and signal beams. The chirped pulse duration was measured to be about 1.48 ps using an autocorrelator. The delay between two beams was controlled by a motorized stage (T-LS, Zaber Technologies).
A549 Cell Imaging. D 31 -palmitic acid powder (Cambridge Isotope Laboratories, Inc.) was dissolved in dimethyl sulfoxide at the final concentration of 50 mM and A549 human lung cancer cells were treated for 10 h after the cells were attached to the custom-built calcium fluoride bottom Petri dish. In the control group, the cell culture medium was supplemented with 50 mM regular palmitic acid and the cells were cultured for 10 h before MIP imaging. During the cell imaging processes, phosphate-buffered saline was supplemented every 15 min to prevent cells from drying.
■ RESULTS AND DISCUSSION DFG Output. With the configuration described in methods and by adjusting the angle of the half-wave plate to control powers, we measured DFG idler average powers as a function The Journal of Physical Chemistry B Article of pump powers with the signal power fixed at 280 mW. The fitting of data points showed a linear relationship and we got the maximum idler power of 30.2 mW with the pump power of 360 mW (Figure 3 ). The power density at the crystal was 2.69 GW/cm 2 , which was below the estimated damage threshold of 4 GW/cm 2 . The quantum efficiency is defined as pump photons divided by idler photons, which gave 28%, and the result was comparable with the values in the literature. 41 Theoretically, DFG tunable range is from 2050 to 5300 cm
with various fundamental wavelength, temperature, and poling period combinations.
Improved Spectral Resolution Based on Spectral Focusing. To characterize our DFG output, we centered the IR beam at the C−D vibration of 2092 cm −1 and demonstrated the spectral resolution and tuning capability of the spectral focusing system. The full width at half-maximum (fwhm) of the spectrum centered at 2092 cm −1 was 29.3 cm −1 (Figure 4a ) measured with the IR spectrometer and the maximum output power was 22.1 mW. In comparison, the fwhm of output DFG for unchirped pulses was 162 cm
. As a result, the spectral width decreased by 5.5 times with our spectral focusing setup. Furthermore, we measured the output spectra when tuning the delay between two fundamental pulses (Figure 4a ). The measured fwhm for each delay remained mostly the same. The motorized stage step position, as well as corresponding spectra, were simultaneously recorded for calibration (Figure 4b) , in which the linear fitting showed a R 2 = 0.99. Spectral Fidelity of DFG-Pumped MIP Microscope. To test the spectral fidelity as well as the enhanced spectral resolution, we centered at the C−D vibrational bond and used deuterated glycerol as the sample. The FTIR spectra showed 2 peaks in the C−D region ( Figure 5 ). For the 2092 cm −1 peak, two fundamental beams at 830 and 1005 nm were focusing at 22.4 μm poling channel with the crystal temperature at 200°C; while for 2209 cm −1 peak, 830 and 1015 nm beams were focused at 21.8 μm poling period with the crystal temperature at 198°C. Since the spectra on the tuning edge within single poling channel were distorted, corresponding data points were abandoned, which causes the discontinuousness in the final spectrum. Overall consistency was observed between the FTIR and MIP spectra, which confirmed the spectral fidelity of DFGpumped MIP microscope.
High-Wavenumber MIP Imaging of Live A549 Cells. The performance of the DFG-pumped MIP system was evaluated by imaging the uptake of deuterium-labeled fatty acid in A549 human lung cancer cells. Inside cells, fatty acid can be converted to lipid droplets that are closely related to energy generation, membrane formation, and intracellular protein metabolism. 42, 43 Isotope labels enable tracking of the dynamic process of small molecules in live cells and organelles due to their small size and nontoxic merit. The deuterium isotope label has been used to investigate protein synthesis and degradation, 44 track lipogenesis from glucose in cancer cells, 45 probe intracellular cholesterol storage. 46 Here, we demonstrate the visualization of fatty acid uptake in a single cell using the MIP imaging method. We used d 31 , no MIP contrast was observed (Figure 6c ), verifying the background free capability of MIP microscopy. In the control group, no MIP contrast was revealed in either the C−D on channel or the off-resonance channel (Figure 6d−f) , confirming the contrast in Figure 6b was indeed from the isotope molecule. Single lipid droplets were resolved in both C−D and C−H MIP images with submicron spatial resolution (Figure 6g−i) . The probe power measured at the sample was 8.86 mW and the pump powers at the sample were 0.99 mW, 2.86 mW, and 4.7 mW for 1850 cm , and 2940 cm −1 , respectively. The C−D signal appearing in the lipid droplets colocalized with the intracellular droplets, as well as in the cytoplasm, indicating of the conversion of d 31 -palmitic acid into triglycerides and membrane components. These observation were consistent with the established metabolic pathways of fatty acid uptake. 47 We note that similar work revealing the influence of saturated and unsaturated fatty acid on cell lipotoxicity using an SRS microscope has been demonstrated. 48 Due to the different physical mechanism of absorption and scattering processes, IR and Raman techniques can provide complementary information. However, lower power at sample is expected for IR methods because of the larger cross section (2.86 mW and 8.86 mW for pump and probe in MIP microscope; 10 mW and 40 mW for pump and Stokes in SRS microscope). The spatial resolution is another critical factor to resolve subcellular structures. Compared with the 0.42 μm lateral fwhm resolution of the SRS microscope, our MIP microscope achieved the submicron resolution of 0.61 μm (Figure 6g −i) and further improvement is possible by using shorter wavelength for the probe beam.
■ CONCLUSIONS
We reported a mid-IR source by utilizing a femtosecond Ti:sapphire laser and a nonlinear crystal through the DFG process. Compared to QCLs which have limited tunability on a single chip, a key advantage of the DFG-based mid-IR source is its possibility to cover a broad spectral region. Spectral focusing narrowed the spectral width from 162 to 29.3 cm −1
. Using the DFG output as the pump source for the MIP microscope, we demonstrated the capability to map C−H and C−D bonds in The Journal of Physical Chemistry B Article live cells. With extended spectral window, MIP microscopy can be used to resolve more subcellular structures. Furthermore, by employing deuterium labels to small molecules, visualization of metabolic activities, such as de novo lipogenesis and protein synthesis via IR based approach is expected.
